Most microorganisms live in complex communities, where they interact both synergistically and competitively. To explore the relationship between environmental heterogeneity and the spatial structure of well-defined biofilms, single-and mixed-species biofilms of Pseudomonas aeruginosa PAO1 and Flavobacterium sp. CDC-65 was grown in a planar flow cell under highly controlled flow gradients. Both organisms behaved differently in mixed cultures than in single-species cultures due to inter-species interactions, and these interactions were significantly affected by external flow conditions. Pseudomonas and Flavobacterium showed a competitive relationship under slow inflow conditions, where the supply of growth medium was limited. Under such competitive conditions, the faster-specific growth rate of Flavobacterium allowed it to secure access to favorable regions of the biofilm by overgrowing Pseudomonas. In contrast, Pseudomonas was restricted to nutritionally depleted habitat near the base of the biofilm, and its growth was significantly inhibited. Conversely, under higher inflow conditions providing greater influx of growth medium, both organisms accumulated greater biomass in mixed biofilms than in singlespecies biofilms. Spatial segregation of the two organisms within the biofilms contributed to enhanced overall exploitation of available nutrients and substrates, while morphological changes favored better adherence to the surface under high hydrodynamic shear. These results indicate that synergy and competition in biofilms vary with flow conditions. Limited resource replenishment favors competition under low-flow conditions, while high flow reduces competition and favors synergy by providing greater resources and simultaneously imposing increased hydrodynamic shear that makes it more difficult to accumulate biomass on the surface. Ecological interactions that produce mechanically stronger and more robust biofilms will support more extensive growth on surfaces subject to high hydrodynamic shear, but these interactions are difficult to predict from observations of the behavior of individual organisms.
Introduction
Culture-based and nonculture approaches have revealed that microorganisms rarely live alone, but rather interact with each other to form complex communities. Although some microbial communities consist of free-swimming cells in aquatic environments, most microbial communities grow on interfaces as biofilms (Ward et al., 1998; Davey & O'toole, 2000; Kolenbrander, 2000; Zengler, 2009) . Organisms in biofilms are involved in both symbiosis and competition for resources, and these interactions are affected by organism distributions, biofilm structures, and spatial heterogeneity. Well-defined multi-species biofilms have been used as simplified model systems in microbial ecology to follow community development, identify the role of individual populations in the community, and observe responses of microbial communities to environmental gradients. Such interactions have been observed in layered sludge granules, organized phototrophic consortia, and colonization of biofilms by planktonic organisms (Sekiguchi et al., 1999; Overmann & van Gemerden, 2000; An et al., 2006; Hansen et al., 2007; Beaufort et al., 2012) .
Pseudomonas aeruginosa and Flavobacterium spp. are two of the most ubiquitous opportunistic pathogens found in rivers, lakes, and engineered water systems (Ford, 1999; Manz et al., 1999; Brinkmeyer et al., 2003) . They are major sources of nosocomial pneumonias and bacteremia from hospital devices and water supply systems, and they have been found to be major contributors of biofilms associated with outbreaks of Legionellosis (Stamm et al., 1975; Orrison et al., 1983; Pearson et al., 1996; Anaissie et al., 2002) . These two organisms have previously been used to form a well-defined consortium with Klebsiella pneumoniae to examine the survival and growth of Legionella pneumophila in biofilms (Murga et al., 2001) and to study biofilm colonization and disinfection in pilot-scale cooling tower systems (Liu et al., 2009 . Pseudomonas aeruginosa has been observed to dominate the community in closed batch systems, while Flavobacterium has been found to dominate in open (flow-through) systems (Liu et al., 2009) . However, the specific environmental conditions responsible for this behavior are still unclear. Many studies have indicated that the development and morphology of biofilms is significantly affected by external hydrodynamic forces, inputs and outputs of nutrients and substrates, and chemical transport. Replenishment of nutrients and substrates (such as carbon sources, nitrogen sources, and oxygen) is essential for biofilm growth, and this replenishment increases with flow rate, but the accompanying hydrodynamic forces also affect biofilm structure and can lead to detachment from the substratum (Chopp et al., 2002; Liu & Tay, 2002; Purevdorj et al., 2002; Battin et al., 2003) .
Here, the behavior of a model ecosystem composed of P. aeruginosa PAO1 and Flavobacterium sp. CDC-65 was examined under well-defined environmental gradients in a planar flow cell. The flow cell system allowed biofilm growth to be monitored noninvasively for 7 days under imposed gradients of local velocity, hydrodynamic shear stress, and influx of growth medium. We hypothesized that patterns of biofilm growth would be directly related to the imposed environmental heterogeneity and that each organism would colonize regions of the biofilm where local conditions particularly favored its growth.
Methods and materials

Bacteria strains and propagation
Pseudomonas aeruginosa strain PAO1 with chromosomally encoded green fluorescent protein (GFP) and Flavobacterium sp. CDC-65 was used in flow cells experiments (Orrison et al., 1983; Stover et al., 2000; Murga et al., 2001) . R2A medium was used to simulate typical depleted environmental water conditions. R2A medium contained (per liter) 0.05 g of yeast extract, 0.05 g of proteose peptone No. 3, 0.05 g of casamino acids, 0.05 g of dextrose, 0.03 g of sodium pyruvate, 0.03 g of dipotassium phosphate, and 0.005 g of magnesium sulfate (Murga et al., 2001) . Stock cultures of Pseudomonas and Flavobacterium were streaked onto R2A agar plates and incubated at 30°C for 24 h. R2A agar was R2A medium with the addition of 15 g per liter agar. A single colony of each strain was transferred into 5 mL of R2A medium and grown at 30°C with shaking to stationary phase. Each culture was then transferred to fresh medium and diluted to OD 600 = 0.1 for inoculation into the flow cell.
Flow cell experiments were conducted at room temperature, 25°C. To help interpret the relative growth of the two organisms in flow cells, the growth curve of each strain in R2A liquid medium was measured at 25°C in triplicate. Specific growth rates at exponential phase of each organism were then calculated from these results (Elvers et al., 1998) . To confirm that metabolic products of each organism did not inhibit the other organism's growth, disk sensitivity tests were performed using suspensions of each species following the methods of Nikoskelainen et al. (2001) .
Flow cell experiments
We cultivated biofilms in the planar flow cell system described by Zhang et al. (2011) to support biofilm growth under essentially two-dimensional flow conditions. The flow cell chamber has dimensions of 3.5 cm 9 3.5 cm 9 0.06 cm. The flow configuration is shown in Fig. 1a , and detailed descriptions of the geometry and performance of this flow cell are available in the study by Zhang et al. (2011) . Biofilms were grown under the right-angle flow pattern shown in Fig. 1b . This flow configuration produces distinct gradients of hydrodynamic shear and influx of growth medium from the bottom right to the upper left of the flow chamber. Biofilm growth was observed in the center region of the flow cell where there is a regular flow gradient, as shown in Fig. 1c . Results are presented for each of the nine observation locations denoted R1 to R9 in Fig. 1c . The lattice Boltzmann method was used to simulate the flow field throughout the flow cell and solute transport from inlets to observation regions .
Flow cell experiments were performed with both single-species cultures of Pseudomonas and Flavobacterium and mixed-species cultures of the two organisms. In the multi-species experiments, separate batch cultures of Pseudomonas and Flavobacterium were grown to the stationary phase and then inoculated at a ratio of 1 : 1 into flow cells. After inoculation, the flow cell was inverted for one hour to facilitate adherence of cells to the glass cover slip and then returned back to the original position. Microscopic observations confirmed that this procedure evenly distributed Pseudomonas and Flavobacterium on the substratum (results not shown). Then, R2A media were introduced by means of a peristaltic pump (Gilson Mini Plus3) particularly suitable for biofilm experiments because it has minimal flow pulsation. Flow cell experiments were performed under two flow rates: a slower inflow rate of 0.16 mL min À1 and a faster inflow rate of 0.80 mL min
À1
, in duplicate. We chose these conditions because we previously observed that they produced distinct patterns of growth and detachment in P. aeruginosa biofilms . The slow inflow rate provided a velocity gradient from 2.52 cm min À1 in R1 to 3.72 cm min À1 in R9 in the observation window spanning the nine regions R1 to R9 shown in Fig. 2a . The fast inflow rate provided velocities ranging from 5.76 cm min À1 in R1 to 10.4 cm min À1 in R9, as shown in Fig. 2b .
Characterizing biofilm morphologies
A LSM 510 META confocal laser scanning microscope (Carl Zeiss) with a Plan-Apochromat 63 9/1.4 NA oil immersion objective lens was used to image the biofilms. Three image stacks were collected in each region shown in Fig. 1c . Pseudomonas was detected by its constitutively expressed GFP. Flavobacterium was detected by counterstaining with nucleic acid dye, SYTO-62 (Molecular Probes). Fifty micromolar of SYTO-62 was added into the flow cell and allowed to bind under stagnant conditions for 20 min in the dark, and then flow was resumed to rinse unbound dye. GFP and SYTO-62 were imaged using CLSM at excitation wavelengths of 488 and 633 nm, respectively. The VOLOCITY software package (Improvision Inc.) was used to generate three-dimensional images from stacks of CLSM images, and the COMSTAT software was used for quantitative analysis of these three-dimensional images (Heydorn et al., 2000a, b) .
Statistical analysis
The one-factor t-test was used to assess differences in the biofilm structural characteristics associated with local velocity and solute travel time. Two-way analysis of variance was used to evaluate the changes in morphology of single-and multi-species biofilms under different flow conditions.
Results
Mixed-species biofilms under flow gradients
After 5 days of growth, the system reached a steady state in which the overall pattern of biofilm morphology and the distribution of the two species within the biofilm no longer changed with time. Figure 2 shows the biofilm morphology and spatial distributions of each organism within 7-day-old mixed-species biofilms. Under slow inflow conditions, thin biofilms composed of both Pseudomonas and Flavobacterium were detected in all regions. Pseudomonas was present as sporadic small colonies and single cells, while Flavobacterium formed relatively continuous biofilms with larger clusters (Fig. 2a) . Regions R1, R2, and R4 had thinner Flavobacterium biofilms and more Pseudomonas colonies. Vertical distributions, presented in Fig. 2c , indicate that Pseudomonas mainly occurred at the base of mixed biofilms and was overgrown by Flavobacterium. In all regions, at all The observation window in the center of the flow chamber, including locations of nine regions observed by confocal microscopy. Coordinates are lattice locations normalized by lattice spacing , and color bars of U represent lattice dimensionless fluid velocity increased from blue to red.
elevations, Flavobacterium was the dominant component of biomass in the 7-day biofilm.
Under fast inflow conditions, more complex intergrowth of the two organisms was observed. The biofilm morphologies and the vertical distributions of each organism are shown in Fig. 2b and d, respectively.
Pseudomonas always formed the base of mixed biofilms, while Flavobacterium dominated the upper part of the biofilm canopy. In regions R1, R4, and R7, Pseudomonas occurred in a smooth, continuous, and thin base layer, while Flavobacterium formed discontinuous large tufts and clusters on top of Pseudomonas biofilms. In these Effects of flow conditions on inter-species interactions regions, Pseudomonas was the dominant organism at the base of the biofilm: it represented over 50% of the biomass in the bottom 10 lm, and Flavobacterium was the dominant organism above 10 lm. The fraction of Pseudomonas gradually decreased until it was absent at a height of 27 lm in R1 and at 16 lm in R4 and R7. The maximum height of the Flavobacterium biofilm was 36 lm. In locations R2 and R5, Flavobacterium also existed as large tufts with pillars and towers of cells, while Pseudomonas occurred only in a thin and continuous layer at the base of the biofilm. In these regions, Flavobacterium reached maximum thicknesses of 50 lm at location R2 and 58 lm at location R5, while Pseudomonas disappeared at 19 lm (R2) and 15 lm (R5). Smoother biofilms formed in regions of faster local velocity. Region R8 had a faster velocity (9.78 cm min
À1
), leading to greater accumulation of Pseudomonas and Flavobacterium and the formation of some tower structures. Pseudomonas was the dominant organism to a height of 18 lm and disappeared at 25 lm, while Flavobacterium was found at a maximum height of 44 lm. Regions R6 and R9 had the highest velocities (10.1 and 10.4 cm min
, respectively) and accumulated more Pseudomonas than other regions. Pseudomonas was the dominant organism to a height of 23 lm at R6 and 16 lm at R9, whereas Flavobacterium only achieved maximum heights of 36 lm at R6 and 29 lm at R9.
Single-species biofilms under flow gradients
We observed the behavior of single-species Pseudomonas and Flavobacterium biofilms to provide a basis for evaluating their interactions in mixed-species biofilms. Single-species Pseudomonas biofilms achieved steady state after 4 days, and single-species Flavobacterium biofilms achieved steady state after 6 days. Figure 3 shows the morphologies of 7-day single-species biofilms of Pseudomonas and Flavobacterium under the two inflow rates.
Morphological gradients were observed in single-species Pseudomonas biofilms relative to the imposed flow gradient. Pseudomonas formed sporadic small colonies under the slower inflow condition. When the local velocity increased from 2.52 to 3.72 cm min À1 , the number of colonies increased with local flow velocity, but there was no continuous biofilm detected under these conditions (Fig. 3a) . More continuous biofilms formed under the faster inflow condition (Fig. 3c) . Large clusters formed in region R1, where the local velocity was 5.76 cm min À1 . In regions R2 and R4, which had higher velocities of 7.62 and 7.50 cm min À1 , respectively, clusters connected together leading to higher surface coverage. Smooth, continuous biofilms developed in region R7, where the local velocity was 9.00 cm min
À1
. Additional roughness developed under higher velocities at R5 and R3, and then more clusters, towers, and mushroom features appeared under the fastest velocities in regions R6, R8, and R9.
Single-species Flavobacterium biofilms developed different morphologies under the same flow conditions. Under the slow inflow rate, very thin and discontinuous biofilms formed, and there was no significant difference between regions R1-R9, as shown in Fig. 3b . Loose and filamentous biofilms formed under the fast inflow rate, and biofilm structures changed with local velocities as shown in Fig. 3d . Sparse biofilms formed in region R1 under the flow velocity 5.76 cm min
. Rougher and thicker biofilms formed in regions R2, R3, R4, R5, and R7, which had higher velocities ranging from 7.50 to 9.36 cm min
. When the local velocity exceeded 9.78 cm min
, biofilms became looser and were unable to fully cover the substratum (regions R6, R8, and R9).
Quantitative description of biofilm morphology
Quantitative analysis of the confocal images supports more specific comparisons of differences in biofilm structure with flow conditions. We quantitatively compared the biofilm morphology using four parameters calculated from the confocal images: biomass per unit area (lm 3 lm
À2
), average biofilm thickness (lm), roughness (dimensionless), and surface-area-to-volume ratio (As/V, lm 2 lm
À3
) (Heydorn et al., 2000a, b) . These parameters are plotted as functions of local velocity in Fig. 4 .
Under velocities of 2.52-3.72 cm min
À1
, Flavobacterium in mixed biofilms accumulated 0.4-0.9 lm 3 lm À2 biomass, while Pseudomonas biomass only reached 0.11-0.22 lm 3 lm
À2
. Overall, Flavobacterium accumulated 4-7 times more biomass than Pseudomonas and was the dominant member of the consortium in mixed biofilms (P < 0.01). The average thickness of the mixed biofilms increased from 0.34 to 0. (Fig. 4b) .
The roughness of mixed biofilms showed an inverse relationship with velocity under slow inflow conditions, with roughness decreasing from 1.0 to 0.7 as velocity increased from 2.52 to 3.72 cm min
À1
. Under fast-flow conditions, the roughness of mixed biofilms varied between 0.1 and 0.3 (Fig. 4c) . As/V values of mixed biofilms ranged from 1.5 to 2.8 lm 2 lm À3 under velocities of 2.52-10.4 cm min
. In addition, mixed biofilms with more Pseudomonas biomass had less complex structures than those dominated by Flavobacterium. For Effects of flow conditions on inter-species interactions instance, the lowest As/V observed in mixed biofilms, 1.5, occurred in locations R1 and R3 under velocities of 5.76 and 9.36 cm min
, where Pseudomonas had significantly greater biomass than Flavobacterium (Fig. 4a) .
To compare the difference between single-species biofilms and mixed-species biofilms, characteristics of single-species biofilms are shown in Fig. 4 . Under slow inflow conditions, biomass of both single-species biofilms showed a positive relationship with local velocity (inserts in Fig. 4a and b) . Single-species Flavobacterium biofilms had greater biomass (0.06-1.18 lm 3 lm
À2
) than single-species Pseudomonas biofilms (biomass 0.03-0.46 lm 3 lm
). Compared with mixed biofilms, Pseudomonas accumulated more biomass in single-species cultures (P < 0.01), but Flavobacterium did not show a significant difference between mixed and single-species cultures (P > 0.05).
Under fast inflow conditions, single-species Pseudomonas biofilms showed a slight increase from 4.4 to 7. . In addition, Flavobacterium accumulated significantly less biomass in single-species biofilms than it did in mixed biofilms (P < 0.001). Under higher local velocities, the average thickness of single-species Pseudomonas remained at 4.6-10.3 lm, while the thickness of single-species Flavobacterium increased slightly with velocity, though less than observed for single-species Pseudomonas. The single-species biofilms achieved significantly lower average thicknesses everywhere than mixed biofilms: single-species Pseudomonas biofilms were 2-4 times thinner, and single-species Flavobacterium biofilms were 3-10 times thinner than the mixed-species biofilm (Fig. 4b) .
When local velocities increased from 2.52 to 3.72 cm min À1 , the roughness of both single-species biofilms declined from 2.0 to 1.7 with Pseudomonas and from 2.0 to 1.6 with Flavobacterium. Similar behavior was observed in mixed biofilms, but single-species biofilms were rougher under all conditions. Under higher velocities, 5.76-10.4 cm min
À1
, single-species Pseudomonas biofilms maintained a low roughness of 0.2-0.4, but Flavobacterium biofilms had a high roughness of 1.2-1.5 (Fig. 4c) . In Fig. 4d, it . With the greater velocity under the fast inflow conditions, the As/V values of both organisms decreased. Single-species Pseudomonas biofilms had a small As/V of 0.5-1.5 lm 2 lm À3 under velocities of 5.76-
cm min
À1
, and single-species Flavobacterium biofilms had As/V ranging from 3.7 to 4.8 lm 2 lm
À3
. As/V values of mixed biofilms did not significantly change from slow inflow conditions to fast inflow conditions. Moreover, they were similar with the values of single-species Pseudomonas biofilms under slow inflow conditions, while they were greater than that of single-species Pseudomonas biofilms and smaller than that of single-species Flavobacterium biofilms under fast inflow conditions.
Effects of solute transport on biofilm growth
Energy-yielding substrates and nutrients in growth media are consumed by metabolically active cells within biofilms. To test the effects of this depletion, we evaluated biofilm properties as a function of solute travel time and distance from the flow cell inlets. The travel distance to each location within the flow cell was calculated by integrating along the flow paths determined using the lattice Boltzmann model simulations, and the travel time was calculated similarly by integrating the local velocity along flow paths. Travel time and distance here are surrogate measures for the overall depletion of the growth medium during transport through the flow cell. We used these measures because we could calculate them directly for all locations in the flow cell, but we could not measure relevant chemical concentrations in situ. The solute travel time and distance from the flow cell inlets were calculated by the lattice Boltzmann simulations based on the velocity field shown in Fig. 1b  (Zhang et al., 2011) . The relationship between biomass accumulation and solute travel time is shown in Fig. 5 , and the associated relationship with travel distance is presented in Supporting Information, Fig. S1 .
In single-species Pseudomonas biofilms, an inverse relationship was found between the solute travel time and biomass: when solute travel time increased from 0.6 to 8.7 min, Pseudomonas biomass decreased from 7.5 to 0.03 lm 3 lm
À2
. A similar but weaker trend was found for Pseudomonas in mixed biofilms, with accumulated biomass decreasing from 12.2 lm 3 lm À2 at 0.6 min to 0.11 lm 3 lm À2 at 8.7 min. Single-species Flavobacterium biofilms accumulated biomass of 0.06-2.7 lm 3 lm
, but the amount of biomass did not decrease with solute travel time. Flavobacterium accumulated more biomass in mixed biofilms than in single-species culture, and interestingly, in mixed biofilms it also showed the inverse relationship between biomass and solute travel time as that observed for Pseudomonas. The biomass of Flavobacterium in mixed biofilms decreased from 12.3 to 0.43 lm 3 lm À2 as solute travel time increased from 0.6 to 8.7 min. Total biomass of mixed biofilms also showed a significant inverse relationship over the same range of solute travel time, with observed total biomass decreasing from 27.3 to 1.27 lm 3 lm
. We will now consider the inverse relationship between biofilm biomass and travel time for the mixed culture in Effects of flow conditions on inter-species interactions more detail. Under the fast inflow condition, regions R2 and R4 had similar velocities and shear stresses, but biomass abundance in R2 was 19.1 lm 3 lm
, greater than that observed at R4 (17.0 lm 3 lm
). This difference is explained by the difference in the solute travel time to these regions. The travel time to R2 was much faster than to R4 (1.1 min vs. 1.8 min). Regions R3, R5, and R7 also showed similar local velocities but inverse relationships between travel time and biomass (travel times: R3 = 0.8 min, R5 = 1.3 min, R7 = 2.1 min, biomass accumulation: R3 = 20.6 lm 3 lm
, R5 = 19.7 lm 3 lm À2 and R7 = 15.8 lm 3 lm
). The only exception to this trend was region R8 under the fast-flow condition, where the travel time was 1.1 min but the accumulated biomass was 29.4 lm 3 lm
. No clear relationship was found between biomass accumulation and solute travel distance in either single-or mixed-species biofilms under either flow condition (Fig. S1 ). Note that the fluid velocity varies substantially within the flow cell (Fig. 1) , so the solute travel time is not linearly proportional to the solute travel distance. Therefore, these results indicate that the travel time, and not simply travel distance, provides the best measure of the consumption of growth medium from community metabolism along flow paths.
Discussion
We studied interactions between Pseudomonas and Flavobacterium in mixed-species biofilms under imposed flow gradients to evaluate relationships between environmental conditions, community structure (dominant organism), and biofilm morphology. We found that Pseudomonas and Flavobacterium showed different behavior in singleand mixed-species biofilms due to interactions between the two organisms. Further, the interactions between the two organisms varied between competitive and synergistic depending on external flow conditions.
Competitive interactions occurred under slow flow conditions, which provide a lower supply of growth medium, including nutrients and substrates that support biomass synthesis and substrates that support catabolism. The delivery of nutrients and substrates to cells involves not only bulk transport into and through the flow cell, but also transport from the bulk fluid into and through the biofilm. Mathematical simulations and experimental results have shown that faster bulk fluid flow increases the delivery of nutrients and substrates into biofilms even under identical bulk influent concentration (Duddu et al., 2009; Zhang et al., 2011) . Conversely, nutrients and substrates become depleted by cumulative metabolism along flow paths, leading to spatial patterns in biofilm development. We observed a positive correlation between biomass abundance and influx of growth medium, and a negative correlation between biomass abundance and solute travel time, suggesting that biofilm growth was limited by progressive depletion of nutrients and/or substrates along flow paths within the flow cell. Under competitive conditions, with nutritional limitations imposed by slow influx of growth medium, Pseudomonas accumulated less biomass in mixed biofilms than in single-species culture. Moreover, the spatial distributions of Pseudomonas and Flavobacterium also reflected their competition for growth medium in mixed biofilms. Flavobacterium secured greater opportunity for nutrient replenishment by colonizing the top layer of the biofilm and generating greater surface area. Pseudomonas was overgrown by Flavobacterium and was therefore restricted to the poorer nutritional environment at the base of the biofilm. Similar spatial structure had been observed previously in co-culture of P. aeruginosa and Agrobacterium tumefaciens, but in that consortium P. aeruginosa predominated and buried A. tumefaciens (An et al., 2006) . Here, the specific growth rate of Flavobacterium under the experimental temperature (25°C) was greater than that of Pseudomonas, suggesting that Flavobacterium was able to win the competition for access to fresh growth medium in the mixed biofilm simply by out-growing, and ultimately overgrowing Pseudomonas (Supporting Information, Table S1 ). Liu et al. (2009) found that trends in growth rate observed in batch do not always hold in more complex open systems. The absence of sensitivity to metabolic products from either organism suggests that metabolic inhibition did not influence growth patterns, but rather simple competition for resources caused the decreased growth of Pseudomonas in mixed biofilms under slow inflow conditions. Thus, Flavobacterium won the competition for nutrients and substrates under slow flow conditions, and its existence inhibited the growth of Pseudomonas by limiting Pseudomonas to poorer-quality habitat.
Different patterns were observed under faster flow conditions that provided increased influx of growth medium. Under the fast-flow conditions, both organisms accumulated significantly more biomass in mixed biofilms than in single-species biofilms, and more biofilm biomass accumulated in regions having higher local velocity. However, single-species biofilms exhibited different behavior. Single-species Pseudomonas biofilms accumulated significantly greater biomass under the higher inflow condition, which indicated that increasing influx supported more growth of Pseudomonas. We previously observed a similar positive relationship between fluid velocity and Pseudomonas biofilm biomass with Luria-Bertani broth . Higher hydrodynamic shear eventually leads to biofilm detachment ), but we did not observe significant detachment of Pseudomonas in the experiments reported here. Conversely, the growth of Flavobacterium biofilms in monoculture did not depend on local velocity, and single-species Flavobacterium biofilms accumulated less biomass than single-species Pseudomonas biofilms. The results indicated that trends of biomass accumulation observed under flow conditions did not follow growth rates observed in batch experiments. The growth rates observed in mixed-species biofilms also did not follow trends from single-species biofilms, indicating that spatial patterns of nutrients or substrate depletion substantially modified local growth behavior. In addition, Flavobacterium biofilms were more heterogeneous and had more complex surface morphology than Pseudomonas biofilms, as evidenced by their greater roughness and surface area. Rougher and more porous morphologies are more easily detached by hydrodynamic shear (Garny et al., 2008) , suggesting that the accumulation of Flavobacterium in single-species biofilms was limited by detachment induced by hydrodynamic shear stress. Mixed biofilms showed decreased roughness, which are more stable. Moreover, the competition relationship between Pseudomonas and Flavobacterium under slow flow rate indicated that they do not produce molecules to help the other. Thus, increased Flavobacterium accumulation in mixed-species biofilms can potentially be explained by the changes in the biofilm morphology that occurred in co-culture with Pseudomonas.
While we did directly observe local velocities, we expect that biofilm development had a small effect on the flow field in these experiments. R2A medium was used here to be relevant to typical depleted environmental conditions, and only thin biofilms (average thickness < 40 lm) formed in this nutrient-poor environment. Although biofilms have been observed to influence fluid flow patterns (Stoodley et al., 1994; Manz et al., 2003) , significant changes normally only occur with more extensive biofilm growth. The feedback between biofilm growth and the flow field should be considered when biofilms become thicker. This feedback is likely to be important over the long term and in more nutrient-rich environments.
In sum, our results indicate that inter-species interactions between Pseudomonas and Flavobacterium in co-cultured biofilms were significantly affected by external flow conditions. While organism-specific growth rates are important in the competition for securing space and providing favorable access to nutrients and substrates, the structural and morphological properties of the biofilm are also important because they mediate both solute delivery to cells within the biofilm and adherence of the community to the surface. We found that biofilm morphology and mechanical properties are particularly important to the accumulation of biomass under flow. This finding suggests that organisms that produce the most resilient biofilms are critical to the colonization of surfaces in flowing waters, as such stable biofilms can provide protected habitat that other organisms can colonize. Similarly, inter-species interactions that favor development of more resilient biofilms can support enhanced colonization of surfaces subject to high hydrodynamic shear. Further, our observation that both species showed greater biomass in mixed biofilms suggests that synergy arises from increased efficiency of overall community metabolism as a result of the spatial segregation of organisms within the biofilm. Such enhanced community metabolism depends not only on the metabolic capability of each organism, but also on the spatial configuration and mechanical properties of the biofilm because these properties determine the regions that can be colonized by each organism in the community. This was exemplified here by the structural changes to the biofilm that allowed Flavobacterium to accumulate more biomass in co-culture with Pseudomonas than it could on its own. These findings are important because they indicate that the behavior of multi-species biofilms cannot be understood purely by integrating information obtained from a sense of independent investigations of individual organisms. Instead, it is necessary to specifically identify ecological interactions between species that influence the exploitation of the environment by complex communities.
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